Introduction
Apatite materials have attracted considerable attention for a range of applications, including electrolytes for solid oxide fuel cells (SOFC), bio-ceramics for bone implants, and hazardous waste encapsulation materials. SOFC devices are of particular interest for clean energy conversion due to their high efficiency and ability to act as a bridge between hydrocarbon and hydrogen rich fuel systems. [1] [2] [3] [4] Yttrium-stabilized zirconia (YSZ), the current conventional electrolyte, achieves sufficient oxygen ion conductivity only at very high temperatures (1000 C), which causes problems in terms of cell sealing, and chemical compatibility between components. For this reason, there is a substantial drive for alternative candidates operating at intermediate temperatures (500-700 C). A variety of material types have been considered, but this area has been dominated by the fluorite-type oxides (such as Gd/ CeO 2 ) and perovskite oxides (such as doped LaGaO 3 , BaCeO 3 and BaZrO 3 ). Recently, however, a range of rare-earth apatite materials have been reported as potential solid electrolyte materials, following the discovery of fast oxide ion conductivity in silicate/germanate-based systems.
5-28 Apatite oxides have the general formula M 10Àx (XO 4 ) 6 O 2AEy , where M is a rare-earth metal, such as La or an alkaline earth metal, such as Ba or Sr, and X is a p-block element such as P, Si or Ge. The structure can be described as a complex arrangement of isolated ''corner sharing'' XO 4 tetrahedra positioned so as to form distinct oxide ion and La channels running parallel to the c-axis, illustrated in Fig. 1 . A number of rare-earth apatites have been studied for their ionic conductivity both experimentally and computationally, particularly focusing on the silicate and germanate analogues, in an attempt to better understand the defect chemistry driving the fast oxide-ion conductivity. Detailed dopant studies have revealed that these materials are tolerant to an unusually broad range of dopant ions, particularly on the rare-earth sites, with the observed conductivity being very sensitive to the doping and cation-anion non-stoichiometry. 10, 12, 13 The highest conductivities in these apatite materials to date, have always been found for the oxygen-excess samples, indicating that the oxygen interstitials play a key role in the conduction mechanism.
Extensive modelling work on the oxygen interstitial defects and the migration pathways have been reported on stoichiometric and cation deficient systems 9,14 and more recently on the oxygen excess silicate system. 15 Nevertheless, the location of the interstitial oxide sites, and their conduction pathway have proved somewhat controversial, particular for these silicate systems. Computer modelling studies identified the presence of a favourable interstitial oxide ion site neighbouring the SiO 4 units, with subsequent experimental support from neutron diffraction, solid state NMR and Raman spectroscopy experiments.
12,13,16 However, there have been reports of other sites closer to the oxide channel centre, 19, 20 which may indicate some dependence of the exact location of the interstitial site on sample composition or synthesis conditions.
The situation for the germanate apatites appears more consistent, with observations from both modelling and neutron diffraction studies indicating that the interstitial oxide ion is more closely associated with the GeO 4 units leading to the effective creation of five coordinate Ge.
14,27,28
The complexity of these apatite systems has been further highlighted by recent work on oxide ion conducting apatite-type silicates/germanates showing incorporation of significant levels of water. As a result, an enhanced conductivity in these waterenriched samples of La 10Àx (GeO 4 ) 6 O 3À1.5x has been observed by Le on-Reina et al. 22 attributing this increase to proton conductivity, and suggesting that these materials are possible mixed oxide-ion and proton conductors. This feature is not unusual and has been shown previously in perovskite oxide materials [29] [30] [31] [32] (e.g. doped BaCeO 3 , Ba 2 In 2 O 5 materials), and cuspidines. 33 Orera et al. 26 have also recently investigated a range of germanate-and silicate-based systems, analysing the ability of these materials to incorporate water; they reported X-ray diffraction and thermogravimetric studies and found that the germanatebased apatites take up more water than the silicate analogues. 26 It is suggested in this study that water incorporation leads not only to the introduction of protonic defects (present as hydroxyl anions) but also extra interstitial oxide ions. In addition, in some cases a change in symmetry (triclinic to hexagonal) was observed on water incorporation. Both these features may be expected to result in an increase in oxide ion conductivity. Consequently the authors suggested that the conductivity enhancement may be due to an enhancement in oxide ion conductivity.
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To complement and extend these recent experimental studies, we report detailed atomistic simulation studies of oxygen interstitial defects, favourable hydroxyl positions and water incorporation mechanisms. These simulation methods are now well established techniques and have been applied to a wide range of materials including defects in apatites 9,14,15 and protons in perovskites.
32 Six representative compositions were selected in total to allow us to examine the effects of cation vacancies and oxygen excess on such water incorporation; these systems are two stoichiometric (La 8 Ba 2 (Si/GeO 4 ) 6 O 2 ), two cation deficient (La 9.33 (Si/GeO 4 ) 6 O 2 ) and two oxygen excess (La 9.67 (Si/ GeO 4 ) 6 O 2.5 ) materials.
Methods
In this study, well established atomistic modelling methods embodied in the GULP code 34 have been used. Only a brief description is given here, as these methods have been reviewed elsewhere, 35, 36 and have been applied successfully to previous studies of other silicate or zeolite materials.
36, 37 The calculations are based on the Born model for polar solids where the interactions between ions are represented in terms of a long-range Coulombic term plus an analytical function representing shortrange repulsive and van der Waals interactions. For this study, the short range interactions were modelled using the Buckingham potential:
where r is the interatomic distance and A, r and C are empirically derived parameters. Charged defects will polarise nearby ions in the lattice and therefore, accurate calculation of defects energies requires the inclusion of electronic polarisability in the model, which is incorporated via the shell model. 38 Point defects were modelled using the Mott-Littleton approach, in which a defect is introduced into the energy minimised lattice, and the surrounding ions partitioned into two regions. 34, 39 An inner sphere of ions immediately surrounding the point defect (region 1) is then relaxed explicitly whilst the crystal bulk (region 2) is treated by computationally less expensive quasi-continuum methods. Table 1 lists the interatomic potentials used for the silicate and germanate systems, transferred from recent atomistic modelling work on apatites.
9,13-15
As with previous modelling studies on protons in perovskite oxides 32 and silicate minerals 40 the OH interaction was treated using an attractive Morse potential (with Coulomb subtraction):
using parameters (listed in Table 2 ) developed from ab initio quantum mechanical cluster calculations, 41 with a point charge 3 Results and discussion
Structural modelling and oxygen interstitials
The starting point for our study is the modelling of the crystal structures and comparison with experiment for the six different apatite systems: two stoichiometric (La 8 Ba 2 (Si/GeO 4 ) 6 O 2 ), two cation deficient (La 9.33 (Si/GeO 4 ) 6 O 2 ) and two oxygen excess (La 9.67 (Si/GeO 4 ) 6 O 2.5 ). The structure of apatite materials (shown in Fig. 1 ) can be described as comprising isolated Si/GeO 4 tetrahedra that are arranged so as to form distinct oxide-ion and La channels running parallel to the c-axis.
For the stoichiometric La 8 Ba 2 (Si/GeO 4 ) 6 O 2 systems, P63/m symmetry was adopted, following the structure reported earlier.
11,13 In order for the incorporation of cation vacancies or oxygen excess without the use of fractional occupancies, supercells with P1 symmetry were employed for La 9.33 (Si/GeO 4 ) 6 O 2 (1 Â 1 Â 3 supercell, two La vacancies) and La 9.67 (Si/GeO 4 ) 6 O 2.5 (2 Â 1 Â 3 supercell, two La vacancies and three oxygen interstitials) to match the experimental compositions. Following on from previous experimental and simulation work, 9-15 the La vacancy defects favour the La2 (1/3,2/3,z) position. The oxygen interstitial positions for the excess systems were in the corresponding sites of the experimental structures of Le on-Reina et al.
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Simulations of the crystal structures then involve energy minimisation calculations allowing the unit cell parameters and ion positions to relax. The calculated and experimental lattice parameters for all six systems are compared in Table 3 . Good agreement is shown between the experimental and simulated structures, even for the more complex non-stoichiometric Geapatites such as La 9.67 (GeO 4 ) 6 O 2.5 ; this system in particular has not been as widely studied as the Si-apatites by simulation techniques. This degree of agreement provides support for the validity of the interatomic potentials used for these materials. It should be stressed that the complex apatite structures make it non-trivial to successfully reproduce the experimental structures on this scale. The differences in unit cell parameters are nearly all less than 0. 15 A and in most cases much less. The bond lengths are also found to reproduce the experimental values to within 2-3%. These optimised structures have then been used for subsequent defect and water incorporation calculations.
The importance of oxygen interstitials for ion conduction in apatite materials has been well established. It is also well known that the lack of interstitial oxide ions means that the fully stoichiometric apatite systems have much lower ionic conductivities and higher activation energies compared to their non-stoichiometric counterparts. As the higher conductivity has been attributed to the presence of mobile oxygen interstitials, an extensive study of the local structure around the oxygen interstitials for all the six systems described above is presented. For the Ge-based systems in particular, the defects have not been modelled as widely as for the silicate-based systems.
From detailed defect calculations, the most stable oxygen interstitial sites are found to lie at the periphery of the La1/O4 channel for the silicate systems, which is shown in Fig. 2 for the representative system La 9.67 (SiO 4 ) 6 O 2.5 . For the Ge based systems, the interstitial position could either be classed as at the channel periphery (as for the silicates), or in between two GeO 4 units in adjacent channels, since both give identical relaxed configurations, illustrated in Fig. 3 for the representative germanate La 9.67 (GeO 4 ) 6 O 2.5 . Interestingly, the combined study of Si-based and Ge-based apatites highlights, that while the Sibased systems results in the formation of a pseudo ''SiO 5 '' unit, 15 the Ge-based systems tend to form a pseudo ''Ge 2 O 9 '', 14 which is We note however that other recent studies 19, 20 find interstitial sites that do not lie at the very periphery of the channel, but more inside the channel, and Savignat et al.
20 also suggest that the channel oxide ions are involved in the conduction process. These experimental reports of different interstitial sites highlight the complexity of these apatite materials, which are non-trivial to study by diffraction techniques, since such techniques only give the average structure, whereas the modelling studies have highlighted considerable localised distortions. It is also possible that the interstitial site in the apatite silicates may depend on synthesis conditions and thermal history, which warrants further detailed structural studies of samples prepared under different heating regimes.
Nevertheless, other experimental support for the importance of the SiO 4 substructure in the conduction process, and hence for the conclusions from the modelling work, include:
i. The observation of significant conduction perpendicular to the channels from single crystal studies of Nakayama et al., 24 which has been suggested as being due to ''SN2''-type exchange processes.
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ii.
O/
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O exchange measurements by Kharlamova et al., 25 which showed very high levels of exchange, indicating that the Si-O oxygen atoms are exchangeable.
For the germanate systems, the interstitial effectively creates a ''Ge 2 O 9 '' unit leading to significant local structural distortions illustrated in Fig. 3 . This is similar to the results from recent structural and modelling studies, where an interstitial site between two GeO 4 tetrahedra has been proposed.
14,27,28 For example, the presence of five-coordinate Ge has recently been proposed from neutron diffraction studies by Pramana et al.
27 on the oxygen-excess apatite La 10 (GeO 4 ) 6 O 3 . Indeed, for the germanates, there is general consensus in the neutron diffraction studies from different groups.
16,27,28
In general, the simulation results indicate that the effect of interstitial ions on the local structure of Si-and Ge-apatites needs to be considered; this is not straightforward when using average structural techniques, but is related to the high thermal displacement parameters of the tetrahedra oxide ions that are observed in diffraction studies.
Water incorporation: local structure of protonic defect
The enhanced ionic conductivity observed by Le on-Reina et al. In order to examine the mechanism of water incorporation, it is important first to determine the most favoured protonic site within the lattice for the different apatite-based systems. It is known that hydrogen is not located directly from X-ray diffraction due to the insensitivity of X-rays towards light elements. Evidence of which site the protonic defect prefers in Sior Ge-apatites has not been reported thus far.
Here, the protonic defect is treated as a hydroxyl group since the proton is associated with an oxygen ion. Following our previous work on protons in perovskite-type oxides, 32 the simulation techniques can be used to determine the most energetically favourable site. To do this, an isolated hydroxyl group was placed on each of the lattice oxygen sites with the proton allowed to orient in different directions, and full relaxation around these species. The resulting OH defect energies for all oxygen sites are listed in Table 4 .
These defect energies clearly show that the lowest energy OH site is along the O4 channel for all the apatites considered; in comparison to the other lattice oxygen sites, this O4 channel site is favoured by over 2 eV. The lowest energy configuration is illustrated in Fig. 4 , using La 9.67 (Si/GeO 4 ) 6 O 2.5 as representative systems, where the orientation of the H along the O4 channel is highlighted. Although there is no direct comparison, this arrangement agrees well with the naturally occurring hydroxyapatites (e.g. Ca 10 (PO 4 ) 6 (OH) 2 ), in which the hydroxyl ions lie along the oxide channels with distances of about 2.4 A from one O-H to another. [43] [44] [45] [46] Our results suggest a localised displacement of the O-H defect towards one of the neighbouring O4 oxygen atoms, with a longer inter-atomic separation to the other O4 ion. As shown in Fig. 4 , the proton is the most stable when pointing towards a neighbouring O4 ion in the channel.
The final relaxed interatomic separations along the O4 oxygen channel for all six systems are listed in Table 5 A (dry) to 2.8-2.9 A (hydrated). The O4-O4 distances further away from the defect remain about 3.5-3. 6 A, similar to the O4-O4 distances in the dry samples. However, a notable increase of the H-O4-O4 distance to about 3.85-4.1
A is calculated and shown in Fig. 4 . These large shifts in O4 positions due to proton incorporation may explain the experimental observation for some compositions 19, 20 of interstitial oxygen positions close to the channel centre, and highlights the need for further neutron diffraction studies comparing samples treated in dry and wet atmospheres.
Any proton conduction down the O4 channel will require OH rotation before proton transfer. We have therefore carried out preliminary calculations on possible rotation barrier configurations, shown in Fig. 5 . The relative defect energies when the hydrogen is oriented away from the channel (in xz and yz planes) are 1.5 eV higher than when the hydroxyl group is along the channel (perpendicular to the c-axis). This high rotational barrier suggests that proton conduction through rotation and hopping down the O4 channel is unfavourable. This topic warrants further investigation and is currently being examined by DFTbased methods.
Water incorporation: reaction mechanisms
For acceptor-doped perovskite systems (such as Y-doped BaZrO 3 or BaCeO 3 ) water incorporation occurs at the oxide ion vacancies, [30] [31] [32] which lead to the presence of proton defects (hydroxyl ions) according to the following reaction:
For these perovskite proton conductors, the key defects are oxide ion vacancies. Therefore as well as incorporating protons, this reaction leads to the filling of oxide ion vacancies, hence lowering the oxide ion conduction. In contrast, the key defects for the apatite-type materials are oxygen interstitials, and so in this case water incorporation could also lead to the creation of more interstitial oxide ions. Therefore, the process for water incorporation in Si-or Ge-apatites is less clear since they do not contain a high level of oxygen vacancies.
In order to assess the enhanced conductivity reported in wet atmospheres, 22 Orera et al. 26 proposed three relevant defect equations for water incorporation, according to whether the a Tetrahedra oxygen atoms. b Channel O4 (labelled O5 in some papers).
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c Intrinsic lattice interstitials present in the oxygen excess systems only. Table 5 Local interatomic distances for the most favoured OH position, along the c-axis oxide channel (shown in Fig. 4 (6), involves a hydroxyl ion on the conventional lattice site and the formation of an ''additional'' oxygen interstitial. We should stress that for oxygen stoichiometric samples, where there are nominally no interstitial oxide ions, eqn (4) and (6) will apply, while for samples containing oxygen excess, eqn (5) and (6) are relevant.
The magnitude of the water incorporation (hydration) energy (E H 2 O ) varies with oxide systems, and indicates the extent of protonation at a given temperature. However, analyses of the thermodynamics of protonic defects in apatites have been limited. Here the same successful methodology as used previously for evaluating the energetics of water incorporation (E H 2 O ) in proton-conducting perovskites 32 was employed for the eqn (4), (5) and (6) using the following eqn (7), (8) and (9) respectively:
where E(OH 
32,41
The total water incorporation energies are listed in Table 6 for all six systems. The E(OH c O ) term used was the favoured hydroxyl site along the O4 channel, and the lowest oxygen interstitial position was used to calculate the E(OH 0 i ) term. The results in Table 6 reveal three key points. First, the germanate-based apatites have the most favourable water incorporation energies, indicating greater affinity for water. These results accord well with the experimental studies, 22, 26 which show higher water incorporation levels in Ge-apatites at intermediate temperatures in wet atmospheres.
Second, an important finding is that eqn (6) is the most favourable water incorporation mechanism in the Ge-apatites, which involves the formation of ''additional'' oxygen interstitial ions. These results therefore suggest that the reported enhancement in ionic conductivity for Ge-based apatites in wet atmospheres 22 may be related to increased oxide-ion conduction. This is also consistent with recent studies 26 showing no clear isotope effect between H 2 O and D 2 O measurements indicating no significant proton conductivity.
Finally, even though there are currently no experimental values on these apatites for direct comparison, the magnitudes of E H 2 O are highly comparable with those measured for proton incorporation in perovskite materials; for example, values of between about À0.8 and À1.7 eV are found for systems such as doped BaCeO 3 and doped BaZrO 3 .
30, 47 The exothermic values indicate that the dissolution of protons is favoured by decreasing temperatures.
Conclusion
Advanced modelling techniques have been used to provide atomic-scale insights into the local defect structures and water incorporation mechanisms in six apatite ionic conductors: two stoichiometric (La 8 Ba 2 (Si/GeO 4 ) 6 O 2 ), two cation deficient (La 9.33 (Si/GeO 4 ) 6 O 2 ) and two oxygen excess (La 9.67 (Si/ GeO 4 ) 6 O 2.5 ) materials. The following main points emerge:
1) The observed complex structures of all six apatite materials have been reproduced successfully by the simulation methods. As with previous investigations, an extensive modelling study of the local defect structure identifies the prime oxygen interstitial location as neighbouring the Si/GeO 4 tetrahedra in accord with neutron diffraction and 29 Si NMR data. The simulation results on interstitial defects indicate significant local structural distortions around the Si and Ge atoms, which are difficult to probe by average structural techniques.
2) The local OH site is found to be along the O4 channel with the proton pointing towards a neighbouring O4 oxygen. This is in agreement with the structures of naturally occurring hydroxyapatites, in which the hydroxyl ions lie along the oxide channel.
3) The water incorporation (hydration) energies agree well with experiment, in that the germanate-based apatites allow significantly higher water contents. In addition, the exothermic energies for the favoured reaction mechanism for water incorporation suggests the formation of ''additional'' oxygen interstitial ions for germanate systems in wet atmospheres. This may account for the reported enhancements of ionic conductivity rather than proton conduction, but warrants further investigation. 
